Primordial black hole production in the mass range 10 − 10 4 M is motivated respectively by interpretations of the LIGO/Virgo observations of binary black hole mergers and by their ability to seed intermediate black holes which would account for the presence of supermassive black holes at very high redshift. Their existence would imply a boost in the primordial power spectrum if they were produced by overdensities reentering the horizon and collapsing after single-field inflation. This, together with their associated Poisson fluctuations would cause a boost in the matter power spectrum on small scales. The extra power could become potentially observable in the 21cm power spectrum on scales around k ∼ 0.1 − 50 Mpc −1 with the new generation of filled low frequency interferometers. We explicitly include the contribution from primordial fluctuations in our prediction of the 21cm signal which has been previously neglected, by constructing primordial power spectra motivated by singlefield models of inflation that would produce extra power on small scales. We find that depending on the mass and abundance of primordial black holes, it is important to include this contribution from the primordial fluctuations, so as not to underestimate the 21cm signal. Evidently our predictions of detectability, which lack any modelling of foregrounds, are unrealistic, but we hope that they will motivate improved cleaning algorithms that can enable us to access this intriguing corner of PBH-motivated parameter space.
I. INTRODUCTION
The fluctuations in density left over at the end of inflation are the best probe for how inflation itself happened. Since these aren't observable directly, we must rely on mapping the evolution of these overdensities and underdensities which eventually gravitationally collapsed to form the structures that we see today. Measuring the late-time matter power spectrum will enable us to track back and predict how the fluctuations were distributed immediately after inflation, which is quantified with the primordial power spectrum.
In order to capture the matter distribution before it is complicated by the astrophysical processes involved in reionization and galaxy formation, it is best to look at redshifts above ∼ 30. Above redshift 30, the matter in the Universe was predominantly made up of neutral hydrogen and was therefore totally dark. However, due to neutral hydrogen's spin-flip transition, the distribution of hydrogen can be detected with 21cm observations. After recombination, when the photons decoupled from the newly formed neutral hydrogen and began free-streaming towards us as the Cosmic Microwave Background (CMB), the Universe continued to cool, but Compton scattering maintained the temperature of the CMB and the gas in equilibrium. By around z ∼ 200, the Universe had cooled enough such that Compton scattering was no longer efficient enough to keep the gas and the CMB in equilibrium, and so the gas began to cool faster than the CMB. This meant that most of the neutral hydrogen was in its unexcited state, and therefore able to absorb CMB photons at the characteristic wavelength of 21cm. It is this difference in temperature of the CMB that is observable. The absorption line of the photons is redshifted from the initial wavelength of 21cm, and therefore the frequency of the radiation that arrives at detectors determines the redshift slice from which the signal originated.
Current CMB measurements [1] constrain the primordial power spectrum very tightly on scales k ∼ 10 −4 − 0.1 Mpc −1 to be of amplitude 2 × 10 −9 . This means that, while a detection of the 21cm signal from the Dark Ages on any scale would be a huge achievement, it is unlikely that anything new will be uncovered about the primordial power spectrum unless smaller scales are probed. This should in theory be possible with 21cm observations if high enough redshifts can be targeted. For the best hope of a detection of the Dark Ages 21cm power spectrum, an interferometer on the Moon [2] [3] [4] (or beyond [5, 6] ) would be required to reach the small scales, that remain linear, at and above redshift 50. The constraining power of 3d 21cm power spectra measurements are illustrated in figure 1. Compared to 2d CMB measurements on large scales, and 3d large-scale structure probes on intermediate scales, both ground and space-based 21cm interferometers have the potential to access an unprecedented number of modes.
If Planck's measurements of the primordial power spectrum on large scales extrapolate to smaller scales, then the current most-favoured inflationary models (single-field, slow-roll) will continue to be preferred. However, any deviation from the low-amplitude, scale-invariant primordial power spectrum on small scales will point towards a different inflationary scenario, as well as lead to other potential observables [9] . For example, an enhancement in small-scale power could lead to the production of primordial black holes or ultra-compact mini haloes, which could in turn provide the seeds for supermassive black holes and the most massive galaxies [10] [11] [12] .
21cm observations can therefore teach us about both inflation and current observables at the same time. This could be complemented by a measurement of the integrated small-scale power via spectral distortions of the CMB, or by the detection of second order gravitational waves which would imply large primordial scalar perturbations, or by the detection of primordial non-gaussianity.
This paper is laid out as follows. In section II we outline the basics of 21cm Cosmology that will enable us to produce the 21cm power spectra in section III from inflation-motivated primordial power spectra. In section IV we demonstrate the play-off between density fluctuations produced LSS (3d) 10 FIG. 1: An illustration of the scope of different cosmological probes for accessing large numbers of modes. Note that the y-axes are different for each probe as described here. In grey is the TT angular power spectrum in units of µK 2 as shown on the right-hand axis, with multipoles roughly mapped to wavenumbers by l ∼ 14000k/Mpc −1 [7] . In green is the dimensionless 3d matter power spectrum P DM computed with CAMB at redshift 1, which large-scale structure probes such as LSST and EUCLID will be sensitive to on scales between k ∼ 0.001 − 0.1 Mpc −1 [8] up to around redshift 2.5. In blue is the 3d 21cm power spectrum P 21 in units of mK 2 at redshift 27, which is the highest redshift accessible from ground-based experiments such as HERA and SKA. In red is the 3d 21cm power spectrum in units of mK 2 at redshift 50, which would be accessible from the Moon. Note that the maximum k for 21cm experiments is solely based on the angular resolution for maximum baselines given in table I. during inflation and Poisson fluctuations in the 21cm power spectrum for different masses and abundances of PBHs and comment on their relevance with respect to accretion effects. Finally we discuss possibilities for detection in section V and then conclude.
II. 21CM BASICS
The spin temperature T s of neutral hydrogen is defined as
where n 1 and n 0 are the number densities of neutral hydrogen in excited and ground states respectively with n H = n 0 + n 1 , and T * = 0.068K is the temperature corresponding to the energy difference between the ground and excited states. In order to see how the spin temperature evolves in time we can write down the rate equations for the hydrogen atoms n 0 (n H κ 01 + B 01 u ν ) = n 1 (A 10 + B 10 u ν + n H κ 10 )
where A 10 is the probability of spontaneous emission known as the Einstein A coefficient, B 10 is the probability of stimulated emission (when an incoming CMB photon causes another photon to be emitted and for the atom to drop from its excited to its ground state), and B 01 is the probability of stimulated absorption (when the atom absorbs a CMB photon and it jumps from its ground to its excited state). The blackbody CMB photons which mediate this process are described by the radiation field u ν . κ 10 and κ 01 are the collisional rate coefficients for which we use the values tabulated in [13] -these describe the rate at which the atoms change states when they collide. In the limit of T * T CMB , T s , (2) can be solved and the spin temperature can be written in terms of the gas temperature, the CMB temperature, the collisional rate coefficients and the Einstein A coefficient: with C 10 = n H κ 10 . Figure 2 shows the evolution of the gas temperature, CMB temperature and spin temperature as a function of redshift. All three are in equilibrium until a redshift of z ∼ 137 due to residual free electrons Thomson scattering off the gas and the CMB photons. The gas then begins to cool as T gas ∝ (1 + z) 2 while the CMB cools as T CMB ∝ (1 + z) and the spin temperature therefore deviates from both. By around z ∼ 30, the collision rate becomes subdominant to the Hubble expansion and the spin temperature couples to the CMB temperature once more. This redshift window z ∼ 30 − 200 is therefore the window where a 21cm signal could be observable, in absorption relative to the CMB. The quantities T gas , n H , x and T CMB are computed using RECFAST [14] . The observable is not the spin temperature, but the brightness temperature T 21 which describes the contrast between the spin temperature and the CMB
where the optical depth τ 1 depends on the neutral hydrogen density local to the absorption
which can be approximated as [15] τ a = 0.025
The sky-averaged brightness temperature can shed light on Cosmic Dawn and the Epoch of Reionization around redshift 10, but for the purposes of probing the scale-dependence of the 21cm signal at different redshift slices (and hence the primordial power spectrum), we will be interested in the 21cm fluctuations which track the matter fluctuations. We will compute the 3d isotropic 21cm monopole transfer functions numerically using CAMB [16] , which includes fluctuations in the density of the baryons, gas temperature, ionization fraction, radial peculiar velocities and Lyman-alpha pumping efficiency. However, fluctuations in the baryons will be largely dominant during the Dark Ages, before luminous sources have formed. The linear Boltzmann equations used in CAMB to calculate the 21cm monopole transfer functions are laid out in [17] . The non-linear effect of the relative velocity between dark matter and baryons is not captured by CAMB. This would enhance the 21cm power spectrum on large scales k < 1 Mpc −1 , suppress it on small scales k > 200 Mpc −1 and enhance it again on very large scales k > 2000 Mpc −1 by order unity [18] . Since we are interested in boosts in power beyond k > 1 Mpc −1 , and do not expect to be sensitive to scales smaller than k ∼ O(10) Mpc −1 even with futuristic radio interferometers, we do not include their effects here.
III. PREDICTIONS FOR 21CM POWER SPECTRA GIVEN DIFFERENT PRIMORDIAL MODELS
If the measurement of the primordial power spectrum on large scales by Planck extrapolates to small scales, it will be of the form
with k p = 0.05 Mpc −1 and n s ≈ 0.965 [1] . However, there may be an increase in power on small scales, which is theoretically motivated by the potential need to explain the seeds of supermassive black holes and the most massive galaxies, as well as the possible existence of primordial black holes or ultra compact minihaloes. There are various constraints on the primordial power spectrum which must be respected. The most relevant on the scales that 21cm observations may be able to probe are those from µ-distortions [19, 20] , which constrain scales k ∼ 1 − 10 5 Mpc −1 . In order to avoid these, the fastest that the power spectrum can grow from k = 1 Mpc −1 (where CMB constraints finish) is at a rate of k 1.2 . See figure 3 where the µ-distortion constraints are plotted for a power spectrum that grows like k 1.2 with a sharp cut-off after the growth. The sharp cut-off is a conservative choice [22] , but if the power spectrum can't decrease that quickly [23] then the constraints will be tighter. For single-field models of inflation with canonical kinetic terms, the fastest that the power spectrum can grow is k 5 log k 2 [23] . However, when limited observationally by a maximum growth of seven orders of magnitude between P R ∼ 10 −9 and 10 −2 , the fastest growth can be approximated by k 4 [22] , which also requires less restrictions on the evolution of the slow-roll parameters. The largest scale where such a fast boost can occur whilst still avoiding µ-type spectral distortion constraints is k ∼ 10 3 Mpc −1 . 21cm observations offer a complimentary probe of the primordial power spectrum on these scales to spectral distortions, because they can probe the scale-dependence, whereas spectral distortion constraints are only sensitive to the integrated contribution of power across the range of scales.
If an experiment such as PIXIE [24] (see [21] for a recent proposal) detected a larger signal than expected from a Planck extrapolated power spectrum, the 21cm Dark Ages signal could identify which scales are contributing to the surplus.
We now find the predicted 21cm signal for 4 different primordial power spectra at redshift 27, the largest redshift accessible from the ground, and at redshift 50 when the signal is largest and would be accessible by a future lunar array. We compute the 21cm transfer functions with CAMB [19, 20] on the primordial power spectrum due to µ-distortions in orange -the shaded region is disallowed. Future constraints from a PIXIE-like [21] probe in grey. Constraints are calculated with an input primordial power spectrum that grows as k 1.2 with a sharp cut-off. The value of each point on the constraint curve represents the maximum amplitude that the peak of such a primordial power spectrum can be. The black dashed line grows as k 1.2 from k = 1 Mpc −1 and P R = 10 −9 , i.e. the steepest that the power spectrum can be if it starts to grow at k = 1 Mpc −1 . The blue dashed line is the canonical CDM parameterisation of the primordial power spectrum with A s = 2.09 × 10 −9 and n s = 0.965 [1] . [16] , which we combine with the four different primordial power spectra to produce the 3d 21cm power spectra.
The four primordial power spectra chosen are shown in figure 4 ; in black is the spectrum extrapolated from the CMB measurements of equation (7), in orange is the piecewise primordial power spectrum that matches CMB measurements until k = 1 Mpc −1 and then grows like k 1.2 representing the maximum growth possible whilst evading spectral distortion constraints, in grey is the primordial power spectrum that matches CMB measurements until k = 1000 Mpc −1 and then grows like k 4 and in purple is the primordial power spectrum produced from a 'realistic' inflationary potential [25] that grows steeply on small scales before flattening off. The corresponding 21cm power spectra are plotted at redshift 50 in figure 5 .
An excess in power can be seen for the piecewise k 1.2 growth which begins at k = 1 Mpc −1 because the 21cm signal has a chance to grow before it is damped at large k. The piecewise k 4 growth is just visible in comparison to the Planck-extrapolated spectrum at a scale of k = 1000 Mpc −1 .
The realistic and smooth model of [25] shows a significant decrease in power which is common to inflection-point models of inflation [22, 26] , and the subsequent growth also produces a signal in excess of the Planck model beyond k ∼ 300 Mpc −1 , although note that this could be suppressed by relative velocity effects [18] .
If the primordial power spectrum is boosted on scales beyond k ∼ 0.1 Mpc −1 , it is plausible that 21cm interferometers will be sensitive to the signal (as well as possibly inferred from detections of the global signal [27, 28] ), and be able to distinguish it from the signal expected from the simplest extrapolation of the Planck measurements to small scales. This would test whether a more complicated inflationary scenario that goes beyond the slow-roll approximation is required. We will discuss possibilities for detection in section V. FIG. 5: 21cm power spectrum predictions at redshift 50 for 4 different primordial power spectra as described in the text.
IV. PRIMORDIAL BLACK HOLE PRODUCTION
If the primordial power spectrum continues to grow on small scales beyond those plotted in figure 4 until it reaches amplitudes of order 10 −3 − 10 −2 [29] [30] [31] [32] [33] , primordial black holes would be necessarily formed on that scale (corresponding to a mass via M/M ≈ (k/k ) −2 [30] ) due to the collapse of large density perturbations reentering the horizon. The imprint on the 21cm signal of PBHs has been investigated before by, for example, [11, [34] [35] [36] , where the effect of accretion onto the PBHs is taken into account, as well as the Poisson fluctuations sourced by the discrete distribution of PBHs [37] . However, the primordial fluctuations that are necessary for the PBHs to form in the first place have been previously neglected. In this work, we investigate the interplay between the Poisson fluctuations and the initial fluctuations generated during inflation, as plotted in the previous section, see figure 4 . We focus on regimes where accretion effects are likely to be small, and show that the primordial power spectrum cannot be neglected when calculating the 21cm signal in these cases.
Whilst PBHs will begin accreting matter at the beginning of the matter-dominated epoch, they only have an effect on the 21cm signal once the temperature of the CMB is low enough so that deviations to the spin temperature and hence the brightness temperature are noticeable. Deviations are caused by the heating and ionisation of the IGM due to the matter falling onto the PBHs. The energy is radiated by either x-ray emission or advection-dominated accretion flow and can have both local and global effects [36] .
In this paper, our focus is on the signal at redshift 50, since it is with very low frequency radio interferometers that the smallest scales will be detectable. At redshift 50, effects of accretion on the brightness temperature are expected to be small, except for in the case of very large PBH masses and/or abundances. Since a boost in small-scale primordial power would be necessary for even just one PBH to be formed [38] , we consider small f PBH so as to emphasize the importance of including the primordial power spectrum contribution, when there would be no PBH signature in the 21cm signal from accretion effects. In order to explain the seeds of supermassive black holes, only small abundances of PBHs would be required, meaning that quantifying the 21cm power spectrum in these cases is well-motivated. There may still be small (order 1) effects on the 21cm power spectrum due to accretion, however given the uncertainties in the modelling of the accretion mechanism, for example the fact that spherical accretion is assumed [36] , we will not include them here.
If instead interested in constraining PBHs as a dark matter candidate with f PBH as close to 1 as possible, accretion effects would be imperative to understand fully and include in the calculation. In addition, at redshifts below z ∼ 30, the effects of accretion are much more pronounced, although still heavily dependent on the mass and abundance of the PBH population. They may directly compete with the contribution from primordial fluctuations, and we leave a full investigation to future work. Given that ground-based interferometers which would be sensitive to redshifts up to z ∼ 27 cannot reach small enough scales to be sensitive to a boost in the primordial power spectrum, accretion effects may be the only way of detecting PBH signatures in the 21cm signal, as has been previously investigated [11, [34] [35] [36] .
Even if they made up all of the dark matter, the typical separation between PBHs is much larger than the comoving horizon size at the time of formation, and therefore their distribution can be described by a Poisson distribution (unlike particulate dark matter). The Poisson fluctuations are sourced by the already-formed PBHs, and the power spectrum of the Poisson fluctuations is
where 9 4 (1+z eq ) 2 is the transfer function for isocurvature perturbations, since they are only coupled to the dark matter content, and z eq is the redshift of matter-radiation equality which we take to be 3449. D(z) is the growth factor normalised to unity today, which we calculate using CAMB to be approximately 0.025 at redshift 50 and approximately 0.05 at redshift 27. n PBH is the comoving number density of PBHs, and the factor f 2 PBH /n PBH can be rewritten as f PBH M PBH /Ω DM ρ crit which will be of importance later when we discuss the degeneracy of the mass and abundance of PBHs in the 21cm signal. The combined contribution to the matter power spectrum is then given by [37] P 21,combined = P 21,adiabatic + T 2
where P = k 3 /2π 2 P for all quantities. The combined 21cm power spectrum is then calculated by using the 21cm transfer functions, T 2 21 , and the CDM transfer functions, T DM , from CAMB at a given redshift. In orange is the 21cm signal prediction taking into account just the boost in the primordial power spectrum, in green is just the Poisson contribution, and in purple is the combined result. In black is the 21cm power spectrum produced by extrapolating the primordial power spectrum measured by Planck to small scales. This demonstrates that it is important to include the primordial power spectrum boost, so as not to underestimate the 21cm power spectrum signal.
We focus on 2 different masses of PBHs, 100M and 10 4 M , as these are the largest and smallest mass PBHs that can be produced without conflicting with either spectral distortion or pulsar timing array constraints (e.g. [22, 39] ), and could be respectively produced from the primordial power spectra growing like k 1.2 and k 4 plotted in figure 4 . A non-monochromatic PBH mass function is inherent in the non-monochromatic power spectra, however we assume a monochromatic mass spectrum for the PBH population in the Poisson contribution. It was shown in [22] that the mass function of PBHs produced from even very shallow primordial power spectra on the low-mass end drops off quickly. We therefore expect Poisson contributions due to extended mass functions to affect a very small range of scales larger than the peak of the PBH distribution and do not include them here. For a fuller discussion of PBHs with extended mass distributions and the 21cm signal, see [40] . Note that PBHs with masses < 0.1M can be readily produced without conflicting with any additional power spectrum constraints -their abundance is only limited by various constraints of their 'direct' non-detection which vary between f PBH = 1 and f PBH ∼ 10 −5 depending on the mass. PBHs with masses this low, however, would form on scales too small to be detectable with 21cm experiments.
For M PBH = 100M the Poisson contribution is by far a sub-dominant effect for all f PBH in comparison with the primordial power spectrum growing like k 1.2 because it occurs on much smaller scales. This means that neglecting the primordial power spectrum would predict a 21cm signal that is too small. This is shown in figure 6 , where the 21cm power spectrum at redshift 50 is plotted. For 100M PBHs, the orange line is just the primordial power spectrum contribution, the green line is just the Poisson contribution, and the purple line is the combined result. On scales beyond k ∼ 1 Mpc −1 , the primordial signal is much larger than the Poisson contribution, showing that only The k 4 primordial power spectrum (grey line in figures 4 and 5) would produce PBHs with masses around M PBH = 10 4 M . In this scenario, since the the primordial fluctuations grow very steeply, the boost only needs to occur on very small scales and the Poisson fluctuations generally dominate. We show this in figure 7 . The orange line is just the primordial power spectrum contribution, whilst the green and purple lines show the signal including the Poisson fluctuations for the combinations f PBH M PBH /M = 100, 1 respectively. Whilst the boosted primordial fluctuations can be extrapolated to infer a most likely PBH mass produced (up to uncertainties in the mass function and horizon mass relationship), due to the degeneracy between f PBH and M PBH in the Poisson power spectrum, if the Poisson fluctuations dominate, the information about the mass and abundance individually is lost. In this situation, accretion effects may be able to distinguish between the two, however at redshift 50 they are likely to be small and therefore need to be accounted for very accurately. We leave an investigation of the interplay between all three effects at high redshift for future work.
V. POSSIBILITIES FOR DETECTION
For a rough estimate on the sensitivity of SKA to the Dark Ages 21cm signal, the crude expression from [41] can be used which gives a scaling relation for the 1 − σ error on the 21cm power spectrum at a given k and z: (10) where is the frequency in k that the data is binned, f cov is the array covering factor, T sky is the temperature of the Galactic synchrotron foreground at the frequency of the observation, R max is the radius of the (circular) array, B is the bandwidth, and t int is the number of hours of integration. For the best hope of observing low frequencies, i.e. high redshifts and smaller scales, it will be necessary to go to the Moon. Using the parameters proposed by [11] for a lunar radio interferometer in table I, according to equation (10) , the sensitivity is shown by the red region in figure 8 .
HERA
Assuming perfect foreground removal, the lunar array should be sensitive enough to measure the 21cm power spectrum at redshift 50 up to k ∼ 12 Mpc −1 . This would enable a clean distinction between the expected matter power spectrum from an extrapolation of the Planck measurements on large scales, and any deviations. Extra power, or a lack of power, on the as of yet unexplored small scales beyond k ∼ 0.1 Mpc −1 should be observable. In addition, multiple 3d power spectra at several redshift slices could be stacked in order to increase the signal-to-noise of the detection. We demonstrate this below with a Fisher forecast for three parameters that describe a small-scale boost in power.
We have defined the smallest scale detectable as determined entirely by the angular resolution In orange is the 21cm signal prediction taking into account just the boost in the primordial power spectrum, in green is just the Poisson contribution, and in purple is the combined result. In black is the 21cm power spectrum produced by extrapolating the primordial power spectrum measured by Planck to small scales. A rough estimate of the sensitivity of HERA and SKA are shown by the green and blue regions.
of the detector, given by k max ∼ 2πR max /14000λ(z) Mpc −1 , and we have focused on the isotropic power spectrum for which the signal should be largest. However, given that foregrounds are expected to especially dominate the Fourier modes in the angular direction, k ⊥ , (see, for example, [42] ) it might be possible to reach smaller scales in the line-of-sight direction k . Whilst the nonisotropic power spectrum would exhibit a smaller signal, better spectral resolution of the detector might be possible and therefore a larger k could be reached than the k max defined by the angular resolution. A signal in the parameter space away from the foreground 'wedge' would simplify the foreground removal task somewhat, however the number of independent modes lost to the wedge would decrease the signal-to-noise of any detection. See [43] for a recent investigation of using the anisotropic power spectrum to extract more cosmological information from line-intensity mapping.
Using parameters that emulate the HERA configuration and a possible SKA-Low configuration given in table I, it is possible to put a rough estimate on the sensitivity to the 21cm signals predicted in the previous section at z ∼ 27. This is shown by the green and blue regions in figure 9 . The angular resolution means that neither HERA nor SKA-Low will be sensitive to small enough scales to go beyond the tightly constrained Planck measurements of the isotropic power spectrum up to k ∼ 0.1 Mpc −1 . This means that PBH signatures will only be detectable if the PBH masses and abundances are large so that accretion effects dominate [11, 35, 36, 40] . Note that the scaling relation (10) does not take into account sample variance. This suffices in our case because we are interested in the sensitivity at small scales where the noise dominates, however it would be important for an accurate SKA error estimate on large scales. Furthermore, astrophysical sources would contaminate the signal at these redshifts [44] , and would need to be taken into account for an accurate prediction.
We perform a Fisher forecast for three parameters that describe a boost in the power spectrum which could be detected in the 21cm signal. We parametrise the 21cm power spectrum as
with T 21 the 21cm monopole transfer function and T DM the cold dark matter transfer function at a given redshift, k inc the scale at which the primordial power spectrum is boosted from near scaleinvariance, n b is the spectral index of the boosted part of the spectrum, and B s = A s (k inc /k * ) ns−1 . We will use k inc , n b and f PBH M PBH as the three parameters for our Fisher forecast. The Fisher matrix for the 21cm power spectrum is defined as [45] F αβ = k,z 1 ε 2 (k, z)
with θ representing the three parameters we have chosen, ε is the error on the 21cm signal given in equation (10) the 21cm transfer functions in increments of ∆k = k to be consistent with = 1 in equation (10), and we sum over three redshift slices at z = 49, 50, 51 to be roughly consistent with a bandwidth of 50MHz for the lunar array. We assume these slices are independent. As HERA and SKA are only likely to be sensitive to the 21cm power spectrum up to k ∼ 0.07 Mpc −1 and k ∼ 0.4 Mpc −1 respectively, the lunar array is the only experiment that would be sensitive to k inc ≥ 1. We find that the proposed specifications for the lunar array will be very sensitive to k inc and n b but will not be able to constrain the parameter f PBH M PBH at all, given that it becomes important at much smaller scales. We therefore just report the resulting 1 − σ error bars for fiducial values of k inc and n b in table II, and show the effect of varying R max and f cov .
VI. CONCLUSIONS
Dark ages exploration has unexcelled reach in probing excess power in the primordial spectrum on scales far smaller than those probed by the CMB or LSS, see the illustration in figure 1. Not only is this range of parameter space uniquely accessibly via 21cm spectroscopy at high z ∼ 30−80, without any contamination from the first stars, but the huge number of modes available, further boosted by 21cm tomography, in exploiting power down to k > 10 Mpc −1 makes this potentially the most sensitive cosmological probe possible. Of course this is a futuristic view as the foregrounds are many orders of magnitude larger at such low frequencies, ideally ∼ 30 MHz, amounting to a brightness temperature thousands of times larger than the elusive signal at the tens of mK level. However, CMB primordial B-mode detection faces a comparable foreground challenge, where the current CMB-S4 goal of B-mode sensitivity at the few mK level may not be insurmountable. We hence consider that it is worthwhile to develop predictions in this paper without entering into the details of the foreground limitations.
Identification of the nature of dark matter remains the highest priority in particle astrophysics and cosmology. Here we consider the principal weakly interacting candidate for non-baryonic dark matter that relies only on known physics, the primordial black hole. The challenge is to develop initial conditions in the post-inflationary universe that can produce PBHs in the empirically allowed mass range.
In order for all of the non-baryonic dark matter to be PBHs, the mass window is limited to the sub-lunar range, bounded by Hawking evaporation limits from the diffuse gamma ray background at the lower end and gravitational microlensing of M31 at the upper end, more specifically to the mass range 10 −17 -10 −9 M .
However, a population of larger PBHs could still be astrophysically significant even with small abundances due to the fact that they could account for the population of seed black holes required to account for the presence of supermassive black holes at z > ∼ 6, namely f PBH ∼ 10 −4 . Furthermore they could account for some or all of the LIGO detections of unexpectedly massive black holes, possible if the PBH mass fraction satisfies f PBH ∼ 0.01. In addition, standard PBH production scenarios require a deviance from scale-invariance in the primordial power spectrum, and therefore a detection of small-scale power would also be informative for understanding inflationary dynamics.
We have found that PBH production in the observationally motivated range of 10 − 10 4 M , requires the power spectrum to be sufficiently boosted by primordial fluctuations. If this boost occurs on larger scales, k ∼ 0.1 − 100Mpc −1 , this contribution must be accounted for in the 21cm power spectrum so as not to underestimate the signal. Depending on the mass and abundance, Poisson fluctuations can also become important, and in that case accurate modelling of accretion effects at high redshifts will be vital to identify the underlying PBH population producing the signal. These signatures could become potentially observable in the 21cm power spectrum with the new generation of filled low frequency interferometers. Evidently our predictions, which lack any modelling of foregrounds, are unrealistic, but we hope that they will motivate improved cleaning algorithms that can enable us to access this intriguing corner of PBH-motivated parameter space.
